Arsenian pyrite, formed during Cretaceous gold mineralization, is the primary source of As along the Melones fault zone in the southern Mother Lode Gold District of California. Mine tailings and associated weathering products from partially submerged inactive gold mines at Don Pedro Reservoir, on the Tuolumne River, contain H20±1300 ppm As. The highest concentrations are in weathering crusts from the Clio mine and nearby outcrops which contain goethite or jarosite. As is concentrated up to 2150 ppm in the ®ne-grained (<63 mm) fraction of these Fe-rich weathering products.
Introduction
Concern over toxic metals in ground and surface waters has led to increased interest in the geochemistry of weathering mine waste. In the Mother Lode District of California, As is released to the environment by weathering of As-rich sul®des concentrated in surface accumulations from mine operations. As the popu- Parsons (1920) and Knopf (1929) . (B) Geologic cross section across the Melones fault zone in the vicinity of the Clio mine, modi®ed from Knopf (1929) to show the location of Don Pedro Reservoir and tailings of the Clio mine. lation of California increases, demand for drinking and irrigation water from upland regions and development of foothill areas previously used for mining continue to rise, increasing the risk of human exposure to high As concentrations. One example is the residential Mesa de Oro subdivision of Sutter Creek (Fig. 1A, inset) , where homes were constructed on mine tailings and soils of the Central Eureka Mine containing up to H1300 ppm As (Walker et al., 1994) . In addition to soil contamination, chemical reactions between mine waste and river or lake waters can lead to elevated concentrations of dissolved As (cf. Azcue et al., 1994; Harrington et al., 1998) . The maximum contaminant level (MCL) for As in drinking water is under review by the US Environmental Protection Agency. The current MCL of 50 mg/l is mandated to be revised by 1 January 2001, probably in the range of 2±20 mg/l (Pontius, 1995) . This change in regulation will impact many public water supplies in California and impose a signi®cant economic burden by forcing treatment of waters in systems that are currently in compliance. Thus, understanding the natural sources of As in California, its mobility and accumulation in the environment, its removal from solution by sediments and biota, and its chemistry and speciation in solid phases are key elements in limiting As exposure to humans and mitigating its migration into natural waters.
In this study, the geochemical cycling of As is examined by employing a variety of analytical methods that characterize As concentration, distribution, speciation, and bonding from the ®eld to molecular scale. The study concentrates on mineralized outcrops and tailings near Don Pedro Reservoir (Fig. 1A ) and the Clio Mine (cross section, Fig. 1B ) in the southern part of the Mother Lode Gold Mining District. Here, As-bearing sul®des exposed to atmospheric weathering (oxidizing conditions) produce ®ne-grained, secondary Fe(III) oxides/hydroxides (goethite, ferrihydrite) and sulfates (jarosite) that form`weathering crusts' during periods of low rainfall (cf. Bowell, 1994) . These Fe(III)-rich weathering products, which are ecacious scavengers of As oxyanions (Pierce and Moore, 1980; Aggett and O'Brien, 1985; Peterson and Carpenter, 1986) , contain up to H2000 ppm As. The present study employs bulk chemical (X-ray¯uorescence; inductively-coupled plasma atomic emission spectroscopy) and mineralogical (electron probe microanalysis; X-ray diraction; transmission electron microscopy) analyses to characterize the distribution of As in rocks, sul®de minerals (arsenian pyrite) and secondary phases produced during weathering (goethite and jarosite). The atomic speciation of As in arsenian pyrite, goethite, and jarosite is determined by synchrotron X-ray absorption spectroscopy and extended X-ray absorption ®ne structure spectroscopy (EXAFS) analysis. Relatively few studies to date have applied EXAFS spectroscopy to complex natural geologic samples, but it is an eective, element-speci®c tool for identifying the speciation of environmental contaminants (Manceau et al., 1996; Foster et al., 1998; O'Day et al., 1998; Morin et al., 1999; Ostergren et al., 1999) . By using multiple techniques to understand As geochemistry in the mine waste environment, the speciation of As is tracked through weathering processes and its fate is anticipated in the aquatic environment of the monomictic Don Pedro Reservoir.
Geologic and environmental background
The historically famous Mother Lode Gold District of California extends for 225 km along the western Sierra Nevada foothills. Most of the Gold deposits formed within a folded and faulted metamorphic belt of lower greenschist to amphibolite facies sedimentary and igneous rocks 110±140 Ma ago (Kistler et al., 1983; Bohlke and Kistler, 1986) . In the southern portion of the Mother Lode Gold District (Fig. 1A ) many lode gold ores are associated with the Melones fault zone (MFZ), which separates a Jurassic oceanic crust complex to the west from Paleozoic metavolcanic and metasedimentary rocks to the east. The lodes are characterized by quartz veins and carbonate rocks formed by metasomatic reactions of mineralizing¯uids with greenschist facies rocks at temperatures between 250 and 3258C (Weir and Kerrick, 1987) . Ore-forminḡ uids introduced CO 2 , S, and K 2 O (Knopf 1929; Kistler et al., 1983; Landefeld and Snow, 1990) , overprinting an earlier Na 2 O metasomatic event (Landefeld and Snow, 1990) . Tertiary uplift exposed and eroded the gold-bearing veins, forming placer deposits that were subsequently blanketed by Eocene volcanic rocks (Knopf, 1929) . Continued uplift and erosion exposed the Tertiary placers and the underlying mineralized bedrock, forming modern placers whose discovery led to California's famous gold rush.
Since the 1848 discovery of gold near the con¯uence of Woods and Moccasin Creeks with the Tuolumne River (Fig. 1A) , this region of the Mother Lode has produced greater than 4 million tons of processed ore tailings (Wagner, 1970) . Unlike other Mother Lode deposits that typically contain several % total sul®de, ores in this region are sul®de-rich. The``sul®de ore,'' with up to 15% total sul®des, consists of ®ne-grained blackish-green chlorite schist, locally replaced by pyrite and Ca-Mg-Fe carbonates (Knopf, 1929) . Pyrite is the most abundant sul®de, and arsenopyrite is rare (Knopf, 1929) .
In the study area, mines are concentrated along the Moccasin and Woods Creek drainages that are now partially¯ooded by the Don Pedro Reservoir on the Tuolumne River (Fig. 1A) . The Melones fault zone (see cross-section in Fig. 1B) is a structurally complex melange of metashales, metavolcanic rocks, clastic sediments, carbonates (both limestone and dolomite), diorite, and metamorphosed ma®c and ultrama®c rocks, all of which have experienced varying grades of metamorphism, tectonism, and later metasomatism during gold mineralization. Waste materials produced during mining operations are heterogeneous piles of rocks that have undergone varying degrees of crushing, granulation, and chemical processing. They are mineralogically complex chemical reactors that interact with the atmosphere and with lake waters of Don Pedro Reservoir, which seasonally¯oods many of the mine and mill sites of the Tuolumne River Canyon.
Methods

Bulk sample characterization
Seventeen whole rock samples and 28 samples of sediments and ®ne-grained weathering products of tailings and outcrops (Table 1) were analyzed by bulk  chemical methods (see footnotes Tables 2, 5 and 6). Microprobe analyses of sul®des, silicates, and carbonates were conducted at Stanford University (see footnote a of Table 3 ). Mineral identi®cation of weathering product samples was conducted by X-ray diraction at Stanford University (see footnote c of Table 5 ). Imaging by high-resolution transmission electron microscopy (HR-TEM) was conducted at Arizona State University using techniques described by DoÂ dony et al. (1996) .
Two samples of secondary weathering crusts were analyzed for surface area and particle size distribution. Surface areas of 230±250 mg subsamples screened to <63 mm were measured using the N 2 -BET method with a Coulter SA 3100 gas adsorption BET analyzer. Particle size determinations were conducted on a Coulter LS230 laser diraction size analyzer after ultrasonic disaggregation of 250 mg sample in 10 ml puri®ed (MilliQ) water.
X-ray absorption spectroscopy (XAS)
A pyrite sample from the Clio mine (separated from sample Clio-2) and two pyrite weathering products, goethite (DP-011) and jarosite (DP-045) were studied by XAS. Arsenic K-edge absorption spectra were collected at the Stanford Synchrotron Radiation Laboratory (SSRL) on wiggler beamline 4-3 at cryogenic temperature (H10 K) under dedicated conditions (3 GeV, 70±90 mA) using an unfocused beam. Samples were diluted with inert B(OH) 3 (75% for Clio-2, 50% for DP-011, none for DP-045) to reduce high background¯uorescence from Fe. Powdered samples were loaded into 2-mm-thick te¯on sample holders and sealed with Mylar ®lm. Arsenic K-edge (11,867 eV) and EXAFS spectra were collected using Si(111) monochromator crystals for Clio-2 and DP011 and a Si (220) crystal for DP-045. Fluorescence spectra were collected with a 13-element solid-state Ge-¯uorescence array detector; total count rate was reduced with 250-mm-thick Al-foil ®lters. Beam energy was calibrated on As foil at 11,867 eV. Energy scans from 11,650± 12,745 eV (k=15 A Ê À1 ) were collected and averaged (N = 7 for Clio-2; N = 17 for DP-011, N = 4 for DP-045) for each sample. Data collection of solid reference compound spectra is described in Foster et al. (1998) for arsenopyrite and Waychunas et al. (1993) for scorodite (both sets of data collected at room temperature).
Iron K-edge absorption spectra for DP-011, DP-045, and a synthetic goethite reference compound (prepared by Dr John Bargar using method of Van Geen et al. (1994) ) were collected on SSRL wiggler beamline 4-1 in transmission mode using Si(111) (for DP-011 and goethite) and Si(220) (for DP-045) monochromator crystals and gas-®lled ion chambers (N 2 in I 0 , I 1 and Ar in I 2 ). Thin (H0.2 mm) layers of powdered sample were evenly smeared on adhesive tape and stacked together to attain 2 mm total sample thickness. Three energy scans from 6900 to 7750 eV (k = 13 A Ê À1 ) were collected at room temperature and averaged for each sample. Energy was calibrated using the Fe foil edge in¯ection point at 7111 eV. For all spectra, harmonic rejection was achieved by detuning the monochromator to reduce the incident beam intensity by 30±50% of its maximum measured in the ®rst ionization chamber (I 0 ).
Numerical results were extracted from the EXAFS spectra using a curved-wave formalism and a singlescattering approximation implemented in the computer code EXAFSPAK (George and Pickering, 1993) . Background below the absorption edge was estimated by a linear ®t through the pre-edge region; background above the edge was estimated by ®tting a cubic spline with three to four segments. Spectra were normalized using the edge-step height near the absorption edge, extrapolated through the XAFS region using a Victoreen polynomial and tabulated McMaster coecients (McMaster et al., 1969) , and weighted by k 3 . Spectra were ®tted with theoretical phase-shift and amplitude reference functions calculated by the ab initio computer code FEFF6 (Rehr et al., 1992; Rehr, 1993) using atomic clusters generated from the crystal structures of arsenopyrite (FeAsS), pyrite (FeS 2 ) with As substituted for S as the central absorber, scorodite (FeAsO 4 Á2H 2 O), goethite (a-FeOOH), and jarosite (KFe 3 (-SO 4 ) 2 (OH) 6 ). Initially, ®ltered XAFS spectra of individual peaks in the radial structure functions (RSF) generated by Fourier transform were ®tted with Fig. 1A ; (T) denotes tailings pile; (O) denotes outcrop; (F) denotes stamp mill foundation; (S) denotes reservoir shoreline. Table 2 Chemical analyses of rocks within and near the Clio Mine (see Fig. 1A ) and NNE of the Melones fault zone a Clio-2 DP-007 DP-012 DP-014 DP-034 DP-040 DP-051 DP-082 DP-114 DP-115 DP-116 DP-117 DP-118 DP-119 DP-120 DP-121 DP-123 ) were allowed to vary for each atomic shell during performance of the ®tting algorithm. Final ®ts were done on the full, normalized spectra (k = 2.5±15 A Ê À1 ) to remove the eects of ®nite window width in back Fourier transformation.
Results
Bulk rock chemistry and mineralogy
Bulk chemical analyses of 17 pyrite-bearing rocks (Table 1) representative of the major rock types in Fig. 1B are given in Table 2 . Concentration of total As ranges from 2 to 600 ppm and is graphically represented in Fig. 2A as a function of total Fe concentration (wt.%). The lowest concentrations of As (2 ppm) were measured in two samples collected north of the Melones fault zone in pyrite-bearing slates of the Calaveras Formation (DP-051) and in albitite dikes (DP-040). Outcrops of serpentinized harzburgite (DP-034) and laminated black slate (DP-082) within the Melones fault zone (point X, Fig. 1A ) contain higher As concentrations of 3 and 80 ppm, respectively. The highest bulk rock As concentrations were measured in the rocks of the Clio Mine tailings. Serpentinites and a Compositions are an average of two to nine analyses per pyrite grain as indicated below each sample number. Analyses conducted on a JOEL 733 fully automated Superprobe with 5 wavelength dispersive spectrometers. Operating conditions were 15 keV acceleration potential and 50 nA beam current, with a spot size of 1 mm. Count times were 1 s. Data acquisition utilized the MAN background correction procedure of Donovan and Tingle (1996) . Background-corrected X-ray intensity measurements were analyzed using a ZAF/phi-rho-Z matrix correction procedure (Pouchou and Pichoir, 1985) . Detection limits for Fe, S and As were approximately 0.1 wt.%. Synthetic sul®de standards were from the Czamanske collection (US Geological Survey). Table 1 for sample descriptions and locations. (B) Wt% of As in pyrite as a function of distance from the Melones fault zone (MFZ). Zero on the horizontal axis marks the approximate center of the MFZ where samples from the Clio and Shawmut mines are plotted. The distance +0.5 km denotes the eastern edge of the fault zone; the samples here are from a mineralized outcrop in a roadcut (Point X in Fig. 1A ). Each data point represents the average of three to nine electron microprobe analyses of a single pyrite grain.
chloritic slates contain between 18 and 80 ppm As, while albite-chlorite schists have the highest As concentrations, with one sample (Clio-2) containing 600 ppm. With the exception of schist Clio-1 (10 ppm As), seven samples of albitechlorite schist have As contents between 80 and 600 ppm (Table 2 ; Fig. 2A ).
The albite-chlorite schists in the Clio mine tailings probably originated from the hanging wall ore zone (Knopf, 1929; see Fig. 1B) . Sample Clio-2 is a light grey, banded, highly foliated pyrite-bearing albitechlorite schist. It was collected at an elevation of about 260 m, above the high-water line of Don Pedro Reservoir (maximum level 253 m). This sample contains about 8% pyrite as euhedral crystals ranging from 10 mm to 3 mm in size, with the majority 1± 2 mm. Euhedral pyrite crystals typically truncate well developed foliation in the sample, but rotated and deformed crystals are also observed. This suggests prolonged pyrite formation during and after the dynamic metamorphism that produced the schistose texture. Major phases in Clio-2 schist include chlorite and albite. Fine-grained brunsvigite-chlorite is segregated in 1-to 3-mm-thick layers where it is ®nely intermixed with sericite. Chlorite also occurs as discrete grains up to 3 mm in diameter. Nearly stoichiometric albite occurs as 10±100 mm crystals in aggregates between the chlorite and sericite bands that de®ne the foliation, as well as intergranular aggregates of chlorite. Trace phases include chalcopyrite, Sb-Cu-Fe sul®des, calcite, and quartz. The rock contains numerous veins (100 mm±2 mm wide) of quartz, calcite, ferroan dolomite and titanite. Of the minerals in sample Clio-2, only pyrite contains detectable (by EPMA, see Table 3 ) concentrations of As.
Arsenic concentrations in pyrite
Bulk As concentrations were measured in individual pyrite grains from tailings samples at the Clio Mine, from a Shawmut Mine chlorite schist ore sample (sample 8215 from the Stanford University Ore Deposits Collection, collected in 1898; see Fig. 1A ), from outcrops of a tectonic melange at the margins of the Melones fault zone (MFZ) (exposed in a roadcut on the Jacksonville Road at point X in Fig. 1A ), and from samples collected along the Tuolumne River Canyon NE of the Clio mine. The As concentrations in individual pyrite grains from these samples are shown in Fig. 2B as a function of distance from the MFZ. Average compositions of representative pyrite grains from the Shawmut Mine and from Clio tailings samples are given in Table 3 . In sample Clio-2 (600 ppm As in bulk rock; see Fig. 2A ), the average As concentration in 13 pyrite grains ranges from <0.01 to 1.63 wt.% (the highest individual analysis is 5 wt.% As and the average for all 13 grains is 1.2 wt.% As). Pyrite grains in sample Clio-1 (10 ppm As in bulk rock) have average As contents between 0 and 0.09 wt.%, and in sample Clio-3 (425 ppm As in bulk rock), average As concentrations in pyrite range from 0.01 to 1.10 wt.%. Arsenic is the most abundant trace element in the analyzed pyrites (Table 3) . Up to 0.33 wt.% Pb occurs in the arsenian pyrite grains of sample Clio-2 but Zn, Mn, Sb, Se, Cu, Bi, Co, Ag and Au are all generally much less than 0.1 wt.%. Compositions of pyrite grains in the Shawmut sample are similar to Clio samples, containing between 0.02 and 2.12 wt.% As (Fig. 2B, 14 grains) and up to 0.29 wt.% Pb, with little other trace element content.
The diamond symbols in Fig. 2B represent the average concentrations of As in pyrite grains from outcrops of serpentinite, serpentinized harzburgite, black banded slate, banded carbonates, and albite-chlorite schist from a road cut near the Harriman Mine at the margins of the MFZ (location X, Fig. 1A ). Arsenic content of pyrite grains from all these rock types range from <0.01 to 0.8 wt.%. Average compositions of As in pyrite grains from slate of the Calaveras Formation located 1.9 and 2.7 km north of the center of the MFZ (River Road, Fig. 1A ) and albite-chlorite schists from a distance of 1.5 km (point Y, Fig. 1A ) range from <0.01 to 0.4 wt.% As. The data summarized in Fig. 2 demonstrate that As is concentrated in pyrite grains from mineralized rocks of the MFZ, and that background As concentrations, represented by pyrite grains from the Calaveras Formation north of the MFZ, are <0.5 wt.%.
Arsenic distribution in pyrite 3.3.1. Electron probe microanalysis
Two grains from sample Clio-2 were selected for detailed chemical analyses by EPMA. Using automated beam motion to analyze a rectangular grid, 7968 analyses were performed throughout Grain 1 with H20-mm spacing. Excluding four analyses with elemental ratios indicative of arsenopyrite microinclusions, the maximum As concentration in the pyrite was 2.8 wt.%. The mean As concentration was 1.05 wt.%. On Grain 2, 8354 analyses conducted using 10-mm spacing gave a mean As concentration of 1.39 wt.%. Only two analyses were indicative of arsenopyrite composition, with the maximum As concentration in the pyrite 3.9 wt.%. Thus less than 0.05% of these two crystals are arsenopyrite, suggesting that most As is present in solid solution in pyrite, not in microinclusions of separate As phases. Other inclusions in the pyrite grains are elec-trum (90% Au, 10% Ag) and albite. Both pyrite crystals show similar patterns of As zoning with a core containing less than 1 wt.% As, a zone containing the maximum As concentrations (between 2.8 and 1 wt.% As in Grain 1 and between 3.9 and 1 wt.% in Grain 2), and an outer rim with less than 1 wt.% As. These spatial relationships indicate that the physical and chemical conditions governing As incorporation in the pyrite were not uniform during crystal growth.
High-resolution transmission electron microsopy
Further evidence for As solid solution in Clio-2 pyrite grains, without the formation of separate arsenopyrite phases, comes from HR-TEM structural analysis (Fig. 3) . High-resolution imaging shows a distinct absence of marcasite-type structure micro-lamellae in Clio-2 pyrite crystals. If present these structures would suggest subdomains of arsenopyrite, which is isostructural with marcasite (PoÂ sfai and Buseck, 1997).
Abundant stacking faults from marcasite lamellae have been observed in pyrite grains in other studies, but these faults do not appear to be directly correlated with As substitution (DoÂ dony et al., 1996; PoÂ sfai and Buseck, 1997) . Although the HR-TEM images of Clio-2 pyrite appear perfectly ordered and indicate As solid solution in pyrite, the presence of weak forbidden re¯ections was observed in selected area electron diffraction (SAED) patterns (arrows on right inset in Fig. 3 ; see also PoÂ sfai and Buseck (1997)). These re¯ec-tions are interpreted as a deviation from cubic symmetry caused by shifting single-bonded Fe atoms away from S atoms and double-bonded Fe atoms towards S atoms (Pauling, 1978; Bayliss, 1989) . The total As content in the sample is too low to produce the forbidden re¯ections if it is evenly distributed (PoÂ sfai and Buseck, 1997), but may produce this subtle structural shift if As atoms are clustered within the pyrite structure, which is also supported by results from XAS, discussed next.
X-ray absorption spectroscopy
X-ray absorption spectroscopy was employed to investigate the average local atomic bonding of As in pyrite from the Clio-2 sample. Bulk XAS has the advantage of sampling the average coordination environment around a speci®c element in a sample, which is useful for determining the most abundant modes of bonding and for overcoming biases from limited sampling by spatially resolved techniques such as TEM. The As X-ray absorption edge position is indicative of its oxidation state. In Fig. 4A , edge positions for Clio-2 pyrite, two weathering product samples (DP 045 and DP 011), and the reference compounds arsenopyrite (FeAsS) and scorodite (FeAsO 4 Á2H 2 O) are compared. An edge position at higher energy than the absorption edge of elemental As (As 0 , represented by the vertical dashed line at 11,867 eV in Fig. 4A ), indicates positive oxidation state while an edge position at lower energy indicates a negative oxidation state. Although there are distinct dierences in the near-edge shapes of Clio-2 and arsenopyrite spectra, the main absorption edge positions are both shifted to an energy position lower than that of elemental As. Scorodite has an absorption edge higher than that of elemental As and the energy position is similar to that of the weathered samples (Fig. 4A) . These edge positions represent dierences in As oxidation state (nominally À1 for arsenopyrite; +5 for scorodite).
Quantitative ®ts of EXAFS spectra using theoretical standards calibrated on reference compounds enable the determination of nearest-neighbor atom identities and approximate coordination numbers (to H5±6 A Ê from the central atom) and interatomic bond distances . The dashed vertical line shows the theoretical absorption edge position for elemental As (11,867 eV). (B) Normalized As-EXAFS spectra and (C) radial structure functions (RSF) for reference arsenopyrite and for sample Clio-2 (collected at cryogenic temperature, about 10 K). Solid line: experimental data; dashed line: least-squares ®t using parameters shown in Table 4 . Peak positions in RSF do not represent true absorber-backscatterer distances because the RSF are uncorrected for phase-shift eects. Corrected distances (Table 4) are 0.3±0.5 A Ê longer than RSF peak positions shown. (D) Comparison of Clio-2 RSF with RSF of theoretical EXAFS spectra generated by FEFF (As as central absorber) for arsenopyrite, arsenopyrite Ã (see text), marcasite with As substituted for S as the central absorber, and loÈ llingite. The second-shell backscattering of theoretical arsenopyrite diers from that of the arsenopyrite data shown in Fig. 4C because all backscatterers were included in the theoretical calculation, including paths (e.g. As±S at 3.09 and 3.18 A Ê ) that were found not to contribute signi®cantly to the experimental EXAFS. (E) Comparison of Clio-2 RSF with (Py1) As substituted for S as the central absorber in pyrite; (Py2) As substituted for S as the central absorber and nearest-neighbor S; and (Py3) as Py1 but with an expanded unit cell (see text). Dashed lines in (D) and (E) show the Clio-2 ®rst shell peak position.
(generally 2 0.02 A Ê ), as well as an indication of local positional disorder around the central absorber atom (the Debye±Waller factor, s 2 ) (e.g., Brown et al., 1988 Brown et al., , 1995 . For Clio-2 pyrite and arsenopyrite ( Fig. 4B and  C) , EXAFS ®ts indicate similarities in the local atomic structure around As but clearly show that As in Clio-2 is not bound in arsenopyrite. Fits to spectral features in Clio-2 and reference arsenopyrite dier in ®rst-neighbor backscatterer identities and second-neighbor As±Fe and As±As distances (Table 4 ). In addition, there are signi®cantly fewer near-neighbor As backscatterers in Clio-2 than in arsenopyrite. Similar ®rst-neighbor As±S distances in Clio-2 and S±S distances in pyrite (Table 4) , as well as distance and coordination numbers of near-neighbor Fe atoms, are consistent with the other observations that As substitutes for S in pyrite (FeS 2 ) as a solid solution. To rule out other modes of As incorporation, the experimental data were compared with theoretical models of EXAFS spectra for As substituted for S in marcasite (a polymorph of pyrite), As in arsenopyrite, As in arsenopyrite with additional As substituted in the ®rst two S shells around a central As atom (arsenopyrite Ã in Fig. 4D ), and As in loÈ llingite (FeAs 2 ). Table 4 Parameters used in ®tting As K-edge EXAFS data for sample Clio-2 and arsenopyrite (see Fig. 4B and C) and interatomic distances in pyrite relative to a central S atom, used to generate models Py1, Py2 and Py3 (see text and Fig. 4E ) a N represents the number of backscatters at distance R. s 2 , the Debye±Waller term, is the absorber-backscatterer root-meansquare-displacement of bond length. Errors in the ®t analysis based on comparisons of FEFF reference functions to well-known transition metal reference compounds are R20.02 A Ê and s 2 220±30% (O'Day et al., 1994). b Clio-2 was not ®t for atoms more distant than 3.5 A Ê from the cental absorber. N was held to crystallographic values for pyrite for Fe, but was varied in integer steps for the S and As contributions to achieve the best ®t. R and s 2 were allowed to vary during ®tting.
c N was held to crystallographic values for arsenopyrite; R and s 2 were allowed to vary during ®tting. Sulfur backscatters at 2.34, 3.09 and 3.18 A Ê do not contribute signi®cantly to the spectral ®t.
d In model Py2 (see Fig. 4E ), As is substituted for the nearest-neighbor S atom as well as for the central absorber sulfur. Distances used in model Py3 (Fig. 4E) represent a pyrite unit cell expanded by 2.6%.
Comparison of the radial structure functions (RSF) for these phases with the RSF for Clio-2 demonstrates that As in the natural sample is not in the molecular environment represented by any of these phases (Fig. 4D) . The Clio-2 RSF has signi®cantly shorter ®rst-shell distances and dierent second-shell backscattering than the arsenopyrite structures. Compared to loÈ llingite, the ®rst-shell distance in Clio-2 is H0.2 A Ê shorter and the second-shell of Clio-2 is broader. The shells present at further distances in loÈ llingite are not present in Clio-2. The marcasite RSF has a ®rst-shell peak position similar to that of Clio-2 and peak positions from 3.4 to 5 A Ê are also similar, but the second shell of marcasite exhibits a double peak where Clio-2 has only a single peak. There is also considerable disparity in amplitude among all peaks in marcasite and Clio-2. The dierences in the RSF rule out the presence of a signi®cant fraction of these phases in the Clio-2 arsenian pyrite sample.
In order to evaluate whether or not As occurs in clusters in pyrite, theoretical EXAFS models were generated for As substitution in one (Py1) and two (Py2) S sites in pyrite (Fig. 4E ). In the RSF of As-substituted pyrite, the ®rst-shell peak around As arises from a linear combination of backscattering from one nearestneighbor S atom (at 2.17 A Ê ) and 3 Fe atoms (at 2.26 A Ê ; see Table 4 ). Thus, the amplitude of the ®rst-shell peak can be used to estimate the percentage of As in ®rst-neighbor S sites. The Py1 ®rst-shell peak, in which only S is in the ®rst-neighbor S site (As is the central atom), has a smaller amplitude than the Clio-2 ®rst-shell peak. The amplitude of the Py2 ®rst-shell peak, in which only As is in the ®rst-neighbor S site, is greater than that of Clio-2. Interpolation between these two theoretical models indicates H30% substitution of As for S in nearest-neighbor S sites of Clio-2. Arsenic substitution for S in the second shell around a central As absorber was evaluated by testing the goodness-of-®t using dierent integer amounts of S and As in the closer S site. The As±S and As±As distances and Debye±Waller factors were allowed to vary independently in this subshell. The best ®t (Table 4) was achieved by approximately 43% substitution of As for S in the second-neighbor S site. In the Py1 and Py2 models, coordination numbers and distances for atoms further than 3.2 A Ê from the central absorber were held constant at the values for pyrite (Table 4) .
The Py1 and Py2 models were constructed using the unit cell size of pure pyrite (a 0 =5.404 A Ê ). However, substitution of As into the pyrite structure should increase the unit cell size and the interatomic distances in the neighborhood of As substitution. Least-squares ®ts of the ®rst shell of the Clio-2 EXAFS spectrum indicate As±Fe distances about 2.6% longer than the S± Fe distances in pure pyrite (Table 4) . A third theoretical model (Py3) was calculated using the same As substitution parameters as Py1, but with the pyrite unit cell expanded by 2.6% (a 0 =5.544 A Ê ). This model corrects the mismatch in the ®rst-shell peak between theory and experiment by moving Fe atoms to a longer distance and also shows good agreement for RSF peaks from 4 to 5 A Ê (Fig. 4E) .
Second-neighbor backscatterers for the S position in pyrite are a combination of S and Fe atoms (see Table 4 for pyrite interatomic distances). In all three pyrite simulations, the models predict a distinct shoulder on the second-shell peak at about 2.7 A Ê in the RSF. This shoulder is mainly due to scattering from S atoms beyond the Fe shell at distances of 3.06 A Ê and 3.31 A Ê in pyrite (Table 4) . In natural pyrite, disorder attending As substitution for S would tend to smear out these subshell contributions as well as decrease overall peak amplitude. This local disorder was not accounted for in the simulations, but the observations are consistent with previous EXAFS analyses of static disorder in natural compounds (O'Day et al., 1998) . Hence, there is good support overall from the model RSF calculations for As substitution for S in pyrite in the Clio-2 sample, with signi®cant clustering of As in the nearest S sites.
Weathering products: chemistry and mineralogy
Twenty-eight samples of soils, sediments, and weathering crusts were analyzed for bulk As concentration (Table 5 ; sample numbers and locations in Table 1) . Background values, represented by sediments from the Tuolumne River NE of the Melones fault zone (DP-057), and sediments and soils at the reservoir shoreline west of the Clio mine (DP-050, DP-051, DP-053, DP-054, DP-055, and DP-056) are less than 11 ppm. Table 5 also shows the concentrations of Fe, Cr, Ni, Mn and Zn, and identi®es the major secondary phases in representative samples. The unusually high values of Cr and Ni in some samples (e.g. DP-001 and DP-113) re¯ect the ultrama®c protolith of many of the weathering products.
The highest concentrations of As are found in weathering products of tailings at the Clio mine and of the fault melange at point X in Fig. 1A . Weathering products at the Clio mine are reddish-brown, ®ne-grained crusts on rocks, vegetation, mine foundations, and machinery. They are primarily goethite (Table 5) and contain up to 1260 ppm As (sample DP-011). Shoreline reservoir sediments at the Clio mine (DP-TNT, Table 5 ) contain 30 ppm As, a concentration 3 to 10 times greater than in reservoir sediments west of the mine (Table 5 ). Weathering products of the Melones Fault melange at point X in Fig. 1A consist primarily of SO 4 salts including jarosite and gypsum with b Chemical analysis of samples denoted with superscript X was conducted at XRAL Laboratories (Don Mills, Ontario, Canada); analysis of samples denoted with superscript Y was conducted at Chemex Laboratories, Sparks, NV. All analyses by ICP-AES. Splits of weathering product samples DP-001, -011, -045, and -047 were dry-sieved using non-metallic screens to separate the <63-mm fraction for chemical analysis (bold).
c Mineralogy of weathering products in sample, excluding detrital minerals; goe, goethite; jar, jarosite; gyp, gypsum; hem, hematite; cal, calcite. X-ray diraction was conducted on a Rigaku CN 2029 diractometer with Cu Ka radiation. Mineralogical identi®-cations were made by comparison with JCPDS reference ®les.
d Samples DP-050, -052, -053, -054, -055, -056 located approximately 0.5 km WNW of the Clio Mine. Sample DP-067 located 0.2 km SSW (along strike) of point X in Fig. 1A .
e Sample DP-038 located at point Y in Fig. 1A . Sample DP-057 located at the Ward's Ferry Bridge, approximately 2 km NE of map area shown in Fig. 1A .
As concentrations up to 1300 ppm (Table 5 ). The concentration of As in the weathering products is highly variable, ranging from background levels (i.e., <11 ppm) to values exceeding 1000 ppm. This variability re¯ects the heterogeneous distribution of As in outcrops and tailings (Fig. 2) and the mobility and mixing of friable ®ne-grained weathering products with Aspoor detrital minerals by wind and rain runo during storm events.
The concentration of As in sediments, soils, and weathering products (Table 5) is shown in Fig. 5 as a function of total Fe content. For comparison, whole rock As concentrations (Table 2) are also shown (solid circles). As is concentrated in weathering products relative to whole rocks, and the concentration of As in the weathering products increases with increasing total Fe content (Fig. 5) . The latter observation re¯ects the eciency of As sorption on and coprecipitation with Feoxides, -hydroxides, and -sulfates. The thin crosses in Fig. 5 for samples DP-001, DP-011, DP-045, and DP-047 represent As and Fe concentrations in the <63-mm fraction of these samples (Tables 5 and 6 ). Arsenic is concentrated in the smaller size fractions, increasing, for example, from 1300 ppm in the bulk sample of DP-001 to 2150 ppm in the <63-mm fraction (Fig. 5 , Table 6 ).
Two samples representative of high-As weathering products near the Clio mine (DP-011 and DP-045) were chosen for examination of grain size, chemistry, mineralogy, and atomic environment of As. Table 6 shows the chemical composition of the bulk samples and the <63 mm size fraction of each sample. Sample DP-011 is a rust-colored, Fe-rich weathering crust collected from an outcrop of chlorite schist (Mariposa Formation) at the base of a prominent concrete foundation at the Clio mine, above the high water level of Don Pedro Reservoir. Composed of a very ®ne-grained, friable mixture of goethite, quartz, albite and chlorite, this sample is typical of the weathering products found near the Clio mine site. Sample DP-045 is a weathering crust composed of jarosite, albite and saponite, collected from an outcrop composed of talc, albite and pyrite. This outcrop, in the roadcut at point X in Fig. 1A , has been exposed to atmospheric weathering since 1970. Extensive oxidative dissolution of pyrite near its surface is evident by abundant cubic Table 1 for sample descriptions and locations, and Tables 5 and 6 for  chemical analyses. pores. Unit cell dimensions for jarosite in the sample (calculated from 13 XRD peak positions) are a = 7.31 2 0.01 A Ê and c = 17.14 2 0.026 A Ê , values consistent with those reported and summarized by Alpers et al. (1992) for K-jarosite. Energy-dispersive X-ray analysis combined with SEM imagery indicates that the jarosite occurs as very small attached particles or coatings on other minerals in the sample. For these two sur®cial samples, both the As and Fe X-ray absorption edges and EXAFS were examined to characterize the oxidation state and coordination of As in the host Fe minerals (goethite and jarosite). Fig. 6A and B compares the Fe K-edge EXAFS spectra and RSF of sample DP-011 (<63-mm fraction) and synthetic goethite. Fit results for DP-011 and synthetic goethite converge on the same values for interatomic distances (within error) for all shells (Table 7) , consistent with XRD results indicating that goethite is the predominant Fe phase in sample DP-011. Dierences between the two spectra (e.g., peak height and broadness for peaks between H2.5 and 3.8 A Ê , RSF of Fig. 6B ) arise from variations in amplitude among overlapping shells of second-neighbor Fe atoms. The EXAFS interatomic distances for two of the three Fe± Fe shells in DP-011 and synthetic goethite are contracted relative to crystalline goethite distances calculated from XRD (Szytula et al., 1968;  Table 7 ). In addition, values for the Debye±Waller factor (s 2 ) are increased for these two Fe shells relative to the closer Fe±Fe shell at 3.03 A Ê . The contraction in interatomic distances, the increased disorder, and the dierences in amplitude between the natural and synthetic samples probably result from local atomic disorder around Fe arising from small domains of non-goethite Fe oxyhydroxide, chemical impurities, or small particle size (O'Day et al., 1994) . Previous characterization of the synthetic goethite sample indicated only crystalline goethite and no evidence for other Fe oxyhydroxide Normalized Fe K-edge EXAFS spectra and (B) radial structure functions (RSF) for samples DP-011, DP-045, synthetic goethite and a theoretical model spectrum of jarosite using crystallographic distances from XRD and Debye±Waller factors similar to those obtained during ®tting of sample DP-045 (see Table 7 ). (C) Normalized As K-edge EXAFS spectra and (D) RSF for samples DP 011 and DP-045 compared with reference spectra for scorodite (FeAsO 4 Á2H 2 O). Solid line: experimental data; dashed line: least-squares ®t using parameters shown in Table 7 . Sample DP 045 is ®t with arsenate substituting for SO 4 in the jarosite structure (see text). Arsenic spectra of DP±011 and DP-045 were collected at cryogenic temperature (H10 K); spectra of goethite and scorodite were collected at room temperature. RSF are shown uncorrected for backscatterer phase shifts. a N represents the number of backscatters at distance R. s 2 , the Debye±Waller term, is the absorber-backscatterer root-meansquare-displacement of bond length. Errors in the ®t analysis based on comparisons of FEFF reference functions to well-known transition metal reference compounds are R20.02 A Ê and s 2 220±30% (O' Day et al., 1994) . b N, R and s 2 were varied independently during ®tting. Iron K-edge spectra were collected at room temperature; As K-edge spectra were collected at cryogenic temperature (H10 K).
Arsenic in goethite-rich weathering crusts
c Synthetic goethite synthesized by Bargar using method of Van Geen et al. (1994) . N was ®xed to crystallographic values; R and s 2 were varied independently. Two of the four Fe±O distances in crystalline goethite cannot be resolved within EXAFS ®tting error (R=20.02 A Ê ). First-shell distances were grouped into two Fe±O shells (N = 3 for each) for least-squares ®ts of the EXAFS spectra for the synthetic goethite sample. Three Fe±Fe shells were used to ®t the spectrum from 3.0 to 3.5 A Ê based on crystallographic distances for goethite.
d Scorodite ®tting parameters from Foster et al. (1998) . e Interatomic distances represented as distance from a central Fe atom. Jarosite calculated from XRD data reported by Menchetti and Sabelli (1976) ; geothite calculated from neutron diraction data by Szytula et al. (1968). phases (Van Geen et al., 1994; Bargar, personal communication) . The disorder seen with EXAFS is therefore on the local atomic scale and may be related to small particle size (<1 mm by SEM for synthetic goethite, and mean 0.1 mm for sample DP-011, Table 6 ) but is not due to the presence of signi®cant amounts (>5%) of another Fe phase.
Comparison of the As K-edge of DP-011 with the reference compound scorodite shows a coincidence of absorbance maxima and edge positions (Fig. 4A) , clearly indicating the presence of only As(V) and no As(III) in the natural sample. Analysis of the As Kedge EXAFS of DP-011 (Fig. 6C) indicates As(V) in tetrahedral coordination with O and second-neighbor Fe atoms. Fit discrepancies in the ®rst oscillation of the EXAFS spectrum for DP-011 (at about 4.4 A Ê À1 in Fig. 6B ) are similar to those in the scorodite model compound. Previous study shows that these features are associated with multiple scattering among As and O in tetrahedral coordination (Foster et al., 1998) . Second-neighbor As±Fe EXAFS distances in sample DP-011 (Table 7) are consistent with bidentate corner-shar- ing of As tetrahedra and Fe octahedra. There is no evidence for a separate scorodite phase. The best ®t for the DP-011 spectrum shows two As±Fe shells at 3.23 and 3.47 A Ê (Table 7) . These distances are similar, but not identical, to those found for laboratory samples of As sorbed to ferrihydrite, goethite (a-FeOOH), and akaganeite (b-FeOOH) reported by Waychunas et al. (1993 Waychunas et al. ( , 1996 and Foster et al. (1998) . The present Fe± As distances are 0.07 and 0.18 A Ê shorter than the two As±Fe shells reported by Waychunas et al. (1993) for arsenate sorbed on crystalline goethite, but are closer (0.07 and 0.03 A Ê shorter) to those reported by Foster et al. (1998) .
Arsenic in jarosite-rich weathering crusts
Iron in jarosite is octahedrally coordinated with O, as it is in goethite. The spectral features of Fe K-edge EXAFS of sample DP-045 are similar to the jarosite spectrum (Fig. 6A ) calculated from the jarosite crystal structure (Fig. 7A) . In EXAFS ®ts, the two Fe±O distances expected in the Fe octahedral site of crystalline jarosite (Table 7B) could not be resolved in sample DP-045 and one Fe±O distance (1.97 A Ê ) was used. The third-shell Fe±K and Fe±Fe distances are similar and produce a broad peak in the RSF at about 3.4 A Ê (Fig. 6B ). The shape of this peak is very sensitive to small changes in Fe±Fe and Fe±K distances and to s 2 values for each shell because of their similar distances from the Fe central absorber. The central Fe±K distance is slightly decreased in sample DP-045 (3.44 A Ê ) relative to crystalline jarosite (3.56 A Ê ). Such discrepancies in ®t may be the result of small quantities of other Fe-bearing minerals in the sample.
The As K-edge EXAFS of sample DP-045 (Fig. 6C ) indicates arsenate tetrahedra associated with Fe. The absorption edge position compared with scorodite ( Fig. 4A ) demonstrates that all of the As is As(V). Fitted As±Fe distances in sample DP-045 (3.32 A Ê ) are slightly longer than the S±Fe distances in jarosite (3.23 A Ê ; Menchetti and Sabelli 1976) . The 0.09 A Ê dierence in distance is attributed to the larger size of As relative to S, which would locally distort the jarosite structure around As. The EXAFS data is consistent with most of the arsenate in the sample substituting for SO 4 in jarosite. It is also possible that some arsenate is adsorbed to jarosite rather than substituting structurally (see the following and Fig. 7B ), or associated with small domains of other Fe-bearing minerals such as goethite. If these were the dominant modes of sorption, the authors would expect reduction in interatomic As±Fe coordination numbers as a result of bonding on the surface and shifts in interatomic distances. Substitution of arsenate for sulfate in synthetic samples was reported by and , and in natural jarosite-bearing samples by Scott (1987) , Huggins et al., (1997) and Foster et al., (1998) . The possibilities for compensating the charge imbalance attending such substitution are addressed below in the discussion of As distribution in secondary phases.
Discussion
Arsenian pyrite in source rocks
Arsenic is elevated in albite-chlorite schists and other rocks of the Melones fault zone (MFZ) in which arsenian pyrite comprises up to 15% of ore samples. The results from XAS, electron microprobe, and TEM analyses of arsenian pyrite in sample Clio-2, a high-As albite-chlorite schist of the Clio Mine, provide three independent lines of evidence that As is present as a solid solution within pyrite and not as micro-inclusions of arsenopyrite or other As-bearing phases. The extent to which As distribution within this solid solution is heterogeneous can in¯uence pyrite reactivity in the weathering environment.
Theoretical spectra compared to experimental EXAFS data suggests that there is clustering of the As in the Clio-2 pyrite, with H30% of ®rst neighbor S sites and H43% of second neighbor S sites replaced with As, giving a mean cluster composition of H36.5% As. This composition is consistent with either large homogeneous clusters occupying about 3% of the pyrite volume (assuming all As residing randomly in clusters of composition FeAs 0.73 S 1.27 , the formula resulting from 36.5% replacement of S with As) or with domains of FeAsS composition, but not with pure FeAs 2 clusters. Homogenous clusters could have any size provided they are large enough that interface sites between cluster and bulk are a small fraction of the total contribution to the EXAFS, which sums the signal from all As sites. This type of clustering would not be visible in TEM images or electron-diraction patterns (PoÂ sfai and Buseck, 1997) , and is thus consistent with the present observations. Domains of FeAsS composition consistent with the present results could assume either of two end-member geometries: clusters of H27 pyrite unit cells (assuming bulk composition of 50% As in a cluster and 25% arsenic at the cluster/bulk interface), or single layers one unit cell thick. A mineralizing¯uid high in As could produce monolayers of FeAsS composition but pyrite structure during pyrite growth if arsenopyrite is unable to nucleate on the pyrite surface. Local strain energy associated with a distorted pyrite layer high in As may prohibit formation of a second high-As layer. Pyrite monolayers of FeAsS composition could also be produced during cooling of a metastable solid solution. Clark (1960) deduced from phase-equilibria studies that the maximum equilibrium solubility of As in pyrite is H0.53 wt.% at 6008C, less than half the average concentration (1.2 wt.%) in pyrite from sample Clio-2. Exsolution may or may not lead to formation of a discrete arsenopyrite phase depending on lattice strain energy, temperature, and diusivities.
Elevated concentrations of As are not generally associated with heavily defective regions in pyrite by TEM (PoÂ sfai and Buseck, 1997), but the high As content might create lattice strain that could produce a defect without close spatial association between As monolayers and the defect. Defects associated with layers of an``arsenopyrite-like'' structure might produce faults such as those observed on {001} planes of arsenian pyrite by Fleet et al. (1989) . DoÂ dony et al. (1996) also observed planar defect faults, but found them oriented perpendicular to one of the [001] axes in individual crystals. The TEM results do not appear to support the monolayer cluster model since defect faults are not observed, implying larger clusters with lower average As content. However, single layers of pyrite with composition FeAsS may not generate sucient deformation or contrast to be readily discernable in TEM lattice images.
Weathering textures suggest that arsenian pyrite from the Clio mine is more reactive than pyrite without As. Similar observations have been made for arsenian pyrite samples from coals (e.g., Human et al., 1994) . Fleet et al. (1993) also found that the Asrich zones of oscillatory-zoned arsenian pyrite were preferentially leached by KMnO 4 relative to As-poor zones. Arsenic replacing S in pyrite creates p-type semiconducting regions that trap electrons (Moller and Kersten, 1994) , causing increased electrical and ionic conductivity of the pyrite (Evangelou and Zhang, 1995) . A consequence of the p-character is a dierence between the electrochemical potential of an arsenian pyrite region and other sul®des, such as pure pyrite or n-type pyrite. Contact with aqueous electrolyte solutions thus leads to a conducting cell, which can foster an enhanced dissolution rate of arsenian pyrite (Evangelou and Zhang, 1995) .
The type of As cluster in pyrite and its eect on pcharacter has important consequences for pyrite reactivity. Layers of FeAsS in the pyrite structure may have enhanced p-character over domains with less As. However, such small reactive regions are likely to be electronically mitigated by the surrounding pyrite matrix so that dissolution is not greatly enhanced. In contrast, large domains of high-As pyrite at the grain surface surrounded by low As pyrite may be preferentially dissolved, leading to an increase in porosity and surface area of the remaining pyrite and thus to overall enhanced dissolution. Pyrite at the Clio mine is zoned with low As concentrations at the grain perimeters. However, interior high-As zones are exposed to weathering in crushed tailings material, and in outcrop surfaces and fracture zones, leading to increased reactivity in the weathering environment and to the production of secondary phases which facilitate the transport of As into aquatic environments.
Arsenic distribution in secondary phases
Arsenic released to the aqueous environment by the weathering of arsenian pyrite may remain dissolved, adsorb onto secondary phases and colloids, or coprecipitate with secondary phases. Samples described in this study provide natural examples of the second two processes. Conditions governing As uptake are related to pH, redox conditions, and available substrate minerals. Fig. 8 illustrates stability ®elds for selected Fe Fig. 8 . Superimposed predominance diagrams for the Fe±S± K±CO 2 ±H 2 ±O 2 system (after Nordstrom and Munoz (1994)), and for the As±H 2 ±O 2 system as a function of pH and pE at 258C, 1 bar. Arsenic speciation (solid phases not shown) from thermodynamic data in Bowell (1994) , Cherry et al. (1979) , Pokrovsky et al. (1996) and Hem (1977 minerals and predominance ®elds for aqueous Fe species in the system Fe±S±K±CO 2 ±H 2 ±O 2 ; predominance ®elds for aqueous As species are superimposed on the Fe diagram. Both ferrihydrite, a precursor to goethite (Schwertmann and Fischer, 1973; Schwertmann et al., 1985) , and jarosite are common weathering products of pyrite. Ferrihydrite precipitates under pH-neutral, oxidizing conditions, whereas jarosite is stable only under acidic oxidizing conditions and requires a source of K. In the vicinity of the Clio mine, goethite is abundant as a weathering crust associated with heterogeneous waste rock piles where acid produced during pyrite oxidation is readily neutralized by weathering of carbonate minerals. Jarosite is localized on near-vertical outcrops of pyritic talcalbite rocks and is spatially separated from carbonatebearing rocks with higher acid neutralization potential. Under the oxidizing conditions that promote the formation of both jarosite and ferrihydrite/geothite, aqueous arsenate [As(V)] species rather than arsenite [As(III)] predominate (Fig. 8) .
The capacity of secondary minerals to incorporate As in¯uences its mobility in diverse environments, including mine waste and waters with which it reacts. Weathering crusts in the mine environment contain multiple phases, but only a subset of these phases control As mobility by sorption or coprecipitation uptake. Modal mineralogy, surface area, As concentrations, and molecular geometries from EXAFS analysis, in conjunction with sorption site density analyses from model systems, can be used to estimate maximum sorption capacity for As in complex natural samples such as those from the Clio mine area. In sample DP-011, goethite comprises approximately 30 mole % of the <63 mm fraction and the surface area of this size fraction is approximately 40 m 2 /g (Table 6 ). If it is assumed that all minerals in the sample have the same surface area per mole (a conservative estimate, since the goethite is probably much ®ner-grained than other minerals in this size fraction of the sample, such as quartz), the surface area attributed to goethite is 12 m 2 / g sample. Estimates of site density for bidentate innersphere sorption on goethite vary from 0.8 sites/nm 2 (for phosphate; Hansmann and Anderson, 1985) to 4.3 sites/nm 2 (number of surface O atoms on (010) surface, divided by two; Koretsky et al., 1998) . If a value intermediate in this range, 2 sites/nm 2 , is assumed and all As in the sample (1625 mg/g) is surface sorbed in bidentate fashion, then H54% of the goethite surface sites would be occupied by arsenate. Although there is considerable uncertainty in the actual site density of As on goethite, this calculation suggests that sorption capacity has not been reached in this sample and thus, it could still act as a mineralogic sink for As.
A similar calculation for sample DP-045, in which jarosite is the predominant Fe mineral, shows that As cannot be accomodated only by adsorption on jarosite and con®rms the conclusion from EXAFS that substitution for SO 4 in the mineral structure is the dominant mode of arsenate association. Substitution could occur at SO 4 structural sites within the mineral or at the surface termination of the bulk structure. Potential sorption sites are exposed on the (100) surface of ideal jarosite (Fig. 7B) . The surface area of DP-045 (<63-mm fraction) is approximately 12 m 2 /g (Table 6 ). Jarosite comprises H50% of the sample, providing a surface area of 6 m 2 /g assuming surface area proportional to molar modal abundance. For a sorption site density of 0.67 sites/nm 2 (calculated for the surface site shown in Fig. 7B ) and occupation of all sorption sites on jarosite by As, about 500 mg/g As could be accommodated. This is only H30% of the 1790 mg/g As present in the sample and suggests that, at a minimum, 70% of the As must be incorporated by substitution within the bulk mineral. Extensive substitution of SO 4 by arsenate occurs in alunite-jarosite group minerals that include coupled charge balancing subsititutions, especially those involving Pb (Scott, 1987; Rattray et al, 1996) . Experimental work on simple synthetic systems is needed to quantify the maximum arsenate substitution and sorption capacities of jarosite and other Fe±SO 4 minerals.
Predictions for arsenic mobility at Don Pedro Reservoir
The mobility and bioavailability of As in mine tailings and their weathering products is governed by its geochemical environment. Mobilization of As from the Clio Mine tailings pile and nearby outcrops begins with oxidation of arsenian pyrite and the formation of friable weathering crusts. Disaggregation and washo of these crusts by wind, rainfall/runo and shoreline wave action during winter storm events cause As-bearing secondary minerals (goethite, jarosite) to be transported into Don Pedro Reservoir. Intense wake-waves generated by recreational speedboats contribute to shoreline erosion during the summer months, when rainfall is infrequent in this part of California.
Once introduced to the lake environment (Fig. 9A ), As partitioning between solid and aqueous phases is aected by strati®cation and turnover (e.g., Aggett and O'Brien, 1985; Seyler and Martin, 1989; Belzile and Tessier, 1990; De Vitre et al., 1991; Kuhn and Sigg, 1993) , and by variations in pH and redox potential (Cherry et al., 1979; Thanabalasingam and Pickering, 1986) . During the winter mixis, monomictic Don Pedro Reservoir is well mixed and oxygenated, with a pH near neutral (Point M in Fig. 8 ). Under these conditions, goethite transported into the reservoir is stable, but some of the associated arsenate is expected to des- orb because maximum adsorption on goethite occurs below pH 6 (Manning and Goldberg, 1996) . Filtered (0.45 mm) reservoir waters are supersaturated with respect to both ferrihydrite and goethite (Fe concentration 0.4 mM). Goethite particles or colloidal ferrihydrite¯ocs may settle to the lake bottom, introducing adsorbed As into the lake sediments (Crecelius, 1975; Chapman et al., 1983) . Jarosite is not stable under the pH conditions of the reservoir mixis (Fig. 8) and is expected to dissolve, releasing associated As to lake waters. Thus, at the end of the winter rainy season, As in the reservoir will be distributed as (1) singly protonated As(V) HAsO 2À 4 aqueous species; (2) adsorbed surface complexes on suspended goethite or ferrihydrite particles; and (3) adsorbed complexes on lake bottom sediments. Arsenic is expected to be strongly partitioned into the latter two environments.
By late spring/early summer, Don Pedro Reservoir becomes thermally strati®ed into a circulating, oxygenated, pH 8±9 epilimnion and a more reducing, noncirculating hypolimnion of pH H6 (Point H in Fig. 8 ; Fig. 9 ). Fe oxyhydroxide particles that settle into the hypolimnion are no longer stable (Figs. 8 and 9), so adsorbed As is released when these phases dissolve. The predominant As species in the hypolimnion is expected to be fully protonated As(III) [H 3 AsO 3 ] if thermodynamic equilibrium is achieved (Fig. 8) ; however, some metastable As(V) may remain. Arsenic adsorbed to Fe phases in the lake sediment is also subject to reduction. Abiotic and biotic reaction pathways (Cullen and Reimer, 1989; Dowdle et al., 1996) lead to Fe and As reduction following burial, reductively dissolving goethite or ferrihydrite and releasing thermodynamically stable As(III) or metastable As(V). The soluble reduced species will be released to sediment pore waters (Belzile and Tessier, 1990) . Concentrations of As in sediment porewaters have been found to exceed those in overlying lake waters at other mineimpacted sites by a factor of up to 60 (Crecelius, 1975; Chapman et al., 1983) . In anoxic waters, these concentration gradients drive upward diusion of As (both As(III) and As(V)) into the lake water column, a process that is accelerated by sediment compaction (Aggett and O'Brien, 1985; Brannon and Patrick, 1987; Azcue et al., 1994) . Hence As attenuated in sediments is remobilized and may be dispersed in the lake during the next winter mixis.
Mobilization of As from sul®de minerals into secondary weathering phases can adversely impact water supplies and aquatic life. An understanding of how As is sequestered in secondary phases and the environmental conditions under which it may be released to solution is required to predict the nature and extent of As distribution in aquatic systems. Geochemical information gathered at a range of scales from regional to molecular provides a powerful method for this type of assessment. This study has shown that in the Don Pedro Reservoir area of the California Mother Lode Gold District, As removed from arsenian pyrite during weathering is attenuated by either of two phases, goethite or jarosite, depending on the local buering capacity of the pyrite-bearing rock. Goethite sequesters As by sorption, while jarosite primarily incorporates As into the mineral structure by substitution into the S site. The capacity of these minerals to retain As when transported into the lake environment depends on the seasonal pH and redox conditions within the reservoir. In general, goethite can retain adsorbed As except under reducing conditions of sediment burial and the summer hypolimnion, whereas jarosite is not stable under any reservoir conditions and can be expected to release As into the dissolved phase.
